In order to evaluate the effective thermal conductivity (ETC) of hollow fibers, three theoretical models (the parallel/series model, quadrate model and cylindrical model) and finite element method carried out by ANSYS simulation were studied. The results showed that different theoretical models gave quite different effective thermal conductivities. The results from theoretical models and simulations were completely identical in the case when models had regular structures and the heating surface was the same kind of material. The ETC of hollow fibers from all of theoretical models and simulations decreased exponentially with the increase of air volume content. In addition, the ETC of hollow fibers from the first theoretical model were a bit higher than the results from simulation, whereas those from the second theoretical model were smaller than the results from simulation, and those from the third theoretical model were identical to the results from simulation.
Introduction
To keep the human bodies warm in very cold conditions, the clothing must have very good thermal insulation. The thermal insulation of textiles is closely related to a lot of factors, which can be classified into thermal insulation of materials, the structure of textiles and the surrounding environments. The fiber is the basic cell of fabrics; therefore, one way to improve the thermal insulations of fabrics is to modify the thermal insulation property of fibers. Some researchers reported that hollow fibers (HFs) have better thermal insulation than those of conventional fibers [1] [2] [3] , in addition, HF can provide great bulkiness with less weight. Although the thermal conductivity (TC) of fibers is often required for designing purposes, however it is not easy to directly measure owing to the nature of the fiber and the nature of measurement techniques that require solid structures. Due to the limitation of measuring thermal conductivity of fibers, the numerical method becomes a very useful and effective way to evaluate the TCs of fibers.
For HFs, the energy transferred by conduction happened in solid and gas, and many models exist for prediction of TC of multiphase materials, which can be used for prediction of ETC [4] [5] [6] . In Faleh model [4] , each component of multiphase materials can be separated and rearranged layer by layer in parallel and series arrangement, from which some mathematical expressions was used for prediction ETC of one dimensional fiber-reinforced composite laminates where the TC of fiber can be calculated as well. Militky [5] developed and simplified Faleh's model by calculating a compromised value. Wei [6] proposed a differential method for calculating the heat flow through materials, and then evaluate the ETC of two phase materials by Fourier's law. Therefore, the TC of HFs with different air volume content were investigated by some theoretical models and FE simulations to know the difference among them and to design and optimize the structure of fibers, yarns and fabrics in the future work for various applications.
Theoretical Models
The general equation of heat conduction was proposed by Fourier in 1822 [7] ,
Where Q represents heat flow (W); k represents thermal conductivity (W/(m·K)); A represents the area where the heat flows through (m 2 ); dT/dx is temperature gradient (K/m). Theoretical model A. Model A focused on the volume content ratio of each component in a multiphase material, and the structure and distribution of each component were not taken into consideration. The geometrical models of hollow fiber which are a combination of fiber and air in parallel and series arrangement as shown in figure 1 [4, 5] , and the ETC of hollow fibers is an average value of TC of hollow fiber in parallel and series arrangement. The mathematical equations for ETC are,
(1.c) Where k p and k s are the thermal conductivities for parallel and serial arrangements, respectively. k a and k f are thermal conductivities of air and fiber, respectively. P and k e represent the volume fraction of air and the thermal conductivity of hollow fiber respectively. 
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Where Q represents the heat flow (W), D is the fiber diameter (mm), ∆ T is the temperature difference (K), k a and k f are the thermal conductivities of air and fiber, respectively. D 1 is the hollow diameter (mm), and k e is the effective thermal conductivity. 
Where L is the fiber length (mm), D 1 is the diameter of hole whose surface provides heat flow (mm), D 2 is the diameter of fiber (mm). D 3 is the diameter of hole (mm), and k e is the effective thermal conductivity. 
Finite Element Method
Two assumptions were chosen in simulation work, (1) air in the models was stagnant; (2) the fibers were not under any forces. The governing equations. The governing equations used in FE simulation are, 
Where { } Q is the heat flux vector at nodes.
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Geometrical models. As mentioned above, three types of models for hollow fibers were considered in this work (as shown in figure 4 ), and the specifications of fibers are shown in table 1. The properties of materials used in this work are shown in table 2. Mesh and boundary conditions. The tetrahedrons and hex dominate method was adopted due to its high quality for irregular geometry models. High mesh relevance, small element size and fine angle span were adopted for accuracy solution, and the average skewness of this mesh was about 0.283 which illustrates that the qualities of this mesh were very high. The mesh topologies are shown in figure 5 . 
Results and Discussions
Temperature distribution in fibers. Some of the results from simulations about the temperature distribution in fibers are shown in figure 6 . The ETCs of fibers can be calculated by Fourier's equation with the known boundary conditions and the temperature distribution. The average temperature on the heating surface was used for evaluating the ETCs due to the temperature 6
Advanced Materials & Sports Equipment Design difference between different materials ( figure 6.B ). When the fibers and air were arranged like a layered material, the temperature distributions were also layer by layer and the temperature changes were obvious (figure 6.A1 and C). Although model A2 also had the layered arrangement and there was not only one kind of material exposed to the heating surface; the heat conduction and the heat diffusion were not at the same rate (figure 6.A2). A1: 21.5% air volume content in series structure A2: 21.5% air volume content in parallel structure B: fiber surrounded by 21.5% air volume content C: solid fiber Figure 6 . Temperature distribution in fibers
The ETCs of fibers from theoretical models and simulations are shown in figure 7 . In each subgraph, the results from theoretical models and simulations were compared and all of these data were fitted by exponential function. The results showed that the air volume content is a significant factor in ETCs of hollow fibers, which decreased exponentially as the air volume content increased. gave identical values to FE simulation, but the ETCs of model A having a parallel arrangement were much higher than the FE simulation values. The reason could be that the ETC from theoretical model is smaller than the TC of fiber and higher than the TC of stagnant air. But in heat conduction, the heat flux would take the way where the thermal resistance is smaller and accumulated in the place where the thermal resistance is higher (figure 6.A2). Therefore, the heating surface in simulation had a little higher temperature and larger temperature gradient than theoretical model. Meanwhile, the ETC of model A having a series arrangement were much smaller than the parallel arrangement, which indicated that the air gap played an important role in reducing the ETC of materials.
The ETCs from theoretical model B were a bit smaller than the values from simulation. Meanwhile, the closer the volume ratio of air to fiber, the higher the ETC difference is. The theoretical model C and its corresponding simulation showed the same ETCs of HFs, which were very small due to the good insulation of stagnant air. This model is not suitable for evaluating the ETCs of HFs when fibers are applied in fabrics.
Conclusions
Some conclusions can be draw based on this work, the ETCs of hollow fibers decreased exponentially as the air volume content increased; different theoretical models gave quite different ETCs and the results from theoretical models and simulations were completely identical when the models had regular structures and the heating surface was the same kind of material; the theoretical model of parallel/series structure got a slightly higher ETCs than the results from simulation; the quadrate theoretical model represented a little bit smaller ETCs than the results from simulation; and the cylindrical theoretical model showed the same results with simulation, but ETCs of HFs from this model were very small and is not in accordance to the practical application.
